Urinary excretion of endogenous and exogenous compounds is determined by glomerular filtration and tubular secretion. Secretion of organic cations (OCs), which include endogenous compounds (choline, dopamine), drugs (metformin, cimetidine, cisplatin) and xenobiotics (tetraethylammonium (TEA), 1-methyl-4-phenylpyridinium), is a vectorial transcellular transport process involving uptake of OCs across the basolateral and secretion into urine across the apical side of proximal tubular cells.
These are at least three subtypes of facilitated OCTs, namely, OCT1 (SLC22A1), OCT2 (SLC22A2), and OCT3 (SLC22A3). Among the OCTs expressed in basolateral membrane, OCT2 is considered as the most important OCT in renal proximal tubule. A decrease in OCT2 expression associated with a decrease in OC secretion has been noted in such pathological conditions as diabetes and chronic renal failure. 11, 12) At the apical side, candidates for extrusion of OC via H ϩ /organic cation antiporters include organic cation/ carnitine transporter (OCTN1) 13) and OCTN2. 14) Recently, a multidrug and toxin extrusion (MATE) transporter family was identified as a transporter responsible for the extrusion step. 15) Two MATE genes, MATE1 and MATE2, are involved in OC secretion in the kidney. [15] [16] [17] [18] However, little is known about the transport mechanisms and regulation of MATEs.
Sex steroid hormones have been implicated in the regulation of renal OC transport. TEA uptake into renal cortical slices and basolateral membrane vesicles of renal proximal tubular cells is higher in male than that of female rat, which correlates with higher mRNA expression level of OCT2, but not of OCT1 or OCT3. 19, 20) Testosterone regulates OCT2 function via an androgen receptor-mediated transcriptional pathway. 21) Recently, we reported testosterone-stimulated transport of OC in male mice. 22) Estrogen administration produced a small decrease in OCT2 expression level and TEA uptake in male rat and MDCK cells. 20, 23) In addition, estrogen reduced OC transport in opossum kidney cell culture via a reduction in OCT1 protein expression. 24) However, there has been no study on the effect of estrogen in vivo, which is important when considering its physiological roles in the whole body. A comprehensive study (molecular, cellular, tissue and intact animal level) of the effects of estrogen on OC transport has received little attention.
Therefore, this study was undertaken to determine the role and mechanism of estrogen in the regulation of OC transport in whole animal (mouse) and isolated renal proximal tubules. Studies of gene expression and function of candidate OC transporters were also performed. Our findings showed that estrogen down-regulated OC transport by interfering with OCT2 function at the basolateral membrane. Animals Animal experiments were performed according to guidelines of Laboratory Animal Ethical Committee, Mahidol University, Bangkok, Thailand. Female CD1-ICR outbred mice (National Laboratory Animal Center, Bangkok, Thailand) were randomly divided into four groups: sham operated (Control), ovariectomized plus vehicle treatment (OVX), ovariectomized plus 0.1 mg 17b-estradiol/kg (OVXϩE0.1) and ovariectomized plus 4 mg 17b-estradiol/kg (OVXϩE4), 17b-estradiol or vehicle (corn oil) was administered subcutaneously in nape of neck once daily for 7 d. 20, 25) 1968
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Role of Estrogen in Renal Handling of Organic Cation, Tetraethylammonium: in Vivo and in Vitro Studies
Mice were bilaterally gonadectomized one week prior to hormone treatment.
Clearance Study Experiments were performed on 6-week-old female mice weighing 28 to 31 g. Clearance study was performed as described in our previous study. 22) In brief, after anesthesia and surgical procedures, mice were given a priming dose of 4 mCi of [ 14 C]-TEA at an infusion rate of 0.45 ml/h. Following an equilibration period of 60 min to allow plasma TEA to achieve a steady state, urine and blood samples were collected for 3 periods of 20 min each. Radioactivity of inulin and TEA in plasma and urine samples was measured by liquid scintillation counting (Rackbeta, LKB Wallac, Sweden). Results were calculated for clearance using the following equation:
where C x is clearance rate of substance x; U x , concentration of x in the urine; P x , concentration of x in plasma; and V, urine flow rate (ml/min). Glomerular filtration rate (GFR) was derived from clearance of inulin. Absolute secretion of TEA was calculated from the difference between total amount of TEA in urine and its filtered load.
OC Transport in Isolated Mouse Renal Proximal Tubule (mRPT) Soon after the mice were sacrificed. The kidneys were removed and dissected for renal proximal tubules as described previously. 22) All dissections were performed at 4°C. Dissected tubules are collapsed and thus are only capable of basolateral transport. 26) Uptake was measured by transferring each tubule into an oil-covered well chamber containing [ 3 H]-TEA (0.5 mM) at 37°C for 60 s, a time period chosen as to permit measurement of the initial uptake rate. At the end of the uptake period, tubule was pulled through the oil layer to remove non-specific binding of radioactive TEA from the tubule surface. The tubule was transferred into a microwell (60-well plate, Nunc, Naperville, IL, U.S.A.) containing 7 ml of 1 N NaOH to terminate the reaction. Tubules were solubilized by incubating for at least 30 min and accumulation of [ 3 H]-TEA by each tubule was determined by liquid scintillation counting. At least three tubules were used in each uptake measurement. Transport rate was normalized to tubule surface area calculated from tubule length and diameter as determined from photograph taken through a dissecting microscope equipped with a digital image capture system (Snappy, Play).
Kinetics of TEA Transport in mRPT Kinetics of TEA uptake in single, non perfused mRPT was determined to evaluate the physiological characteristics of TEA transport. Uptake of 1 mM Quantitative Polymerase Chain Reaction (qPCR) Analysis The messenger RNA level analysis of various candidate transporters was performed as our previous study. 22) Briefly, total RNA was isolated from kidney cortex of mice from the 3 groups using TRIZOL reagent (Invitrogen Life Technologies, Carlsbad, CA, U.S.A.) and RNeasy kit (Qiagen, Valencia, CA, U.S.A.) according to the manufacturer's instruction. cDNA was synthesized using SuperScript III (Invitrogen Life Technologies, Carlsbad, CA, U.S.A.) and qPCR performed using SYBR Green real-time PCR assay kit (Applied Biosystems, Foster City, CA, U.S.A.). Primers, purchased from MWG Biotech (High Point, NC, U.S.A.), were designed according to published sequences (Table 1) . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as internal standard and primers were obtained from Superarray Bioscience (Frederick, MD, U.S.A.). Thermocycling conditions were as follows: 50°C for 20 min; 95°C for 10 min; 40 cycles of 95°C for 15 s and 60°C for 1 min. PCR amplifica- 
RESULTS
Renal Clearance in Intact Mice
The effects of estrogen deprivation and supplementation on OC transport process were studied using in vivo clearance measurements. Control mice were injected subcutaneously with corn oil while OVX mice received 17b-estradiol (4 mg/kg body weight) or vehicle (corn oil) once daily for 7 d. Experiment was performed 1 d following the last dose of hormone or corn oil administration. OVX mice showed a significant decrease in uterine weight which reflects the low plasma level of estradiol (Fig.  1) . The uterine weight was restored to control level following 17b-estradiol administration. GFR, indicated by inulin clearance, was not significantly different between control and treated groups (control vs. OVX and OVXϩE4) indicating that estrogen had no effect on GFR ( (Fig. 2) . In addition, administration of estrogen to OVX mice reduced [ 3 H]-TEA uptake to that of control level. Kinetic Studies As uptake studies indicated that estrogen could modulate basolateral OCT function, further studies were conducted to determine whether estrogen altered affinity of transporters to substrate (K t ) and/or the numbers of functional OCT (J max ) expressed on basolateral membrane. J max of OVX group (14.7Ϯ1.9 pmol/min/mm 2 , nϭ6) was significantly higher than that of control group (6.7Ϯ0.9 pmol/min/mm 2 , nϭ3), whereas K t of OVX group was not significant different from that of control group (44.2Ϯ3.8 and 31.6Ϯ4.4 mM respectively) (Fig. 3) .
qPCR Analysis To determine whether the effect of estrogen was mediated by the modulating of mRNA levels of genes encoding candidate transporters, both basolateral and apical membrane transporters mRNA levels were determined using qPCR. Results (expressed relative to GAPDH mRNA) indicated that among OCTs expressed at the basolateral membrane, OCT2 mRNA expression was the highest, being about 4 times higher than that of OCT1, whereas OCT3 mRNA was present at a low level (Fig. 3) . Gene expression pattern of transporters expressed at apical membrane showed 1970 Vol. 32, No. 12
Fig. 1. Effect of Ovariectomy and Ovariectomy Plus Estrogen Treatment on Uterine Weight
After mice were sacrificed, the uteri were exercised, trimmed free of fat, pierced and blotted to remove excess fluid. The uterus was then weighed (wet weight). OVX, ovariectomized; OVXϩE0.5, ovariectomizedϩ0.5 mg/kg 17b-estradiol; OVXϩE4, ovariectomizedϩ4 mg/kg 17b-estradiol. The data was present in mg/100 g body weight. nϭ5, ** significant at p value Ͻ0.01, *** significant at p value Ͻ0.001. that mRNA level of OCTN2ϾMATE1ϾOCTN1ϭMATE2 (Fig. 4) . Surprisingly, estrogen deprivation or 17b-estradiol supplementation in OVX mice produced no significant differences in mRNA levels of basolateral transporters (OCT1, OCT2, and OCT3) (Fig. 4) or apical candidates transporters (OCTN1, OCTN2, and MATE1). Only MATE2 mRNA expression was significantly decreased in OVX mice and 17b-estradiol administration (4 mg/kg) restored mRNA level to that of control (Fig. 5) . DISCUSSION OC transport system of renal proximal tubule serves an important function to rapidly clear drugs and other various compounds from the body, and changes in its function can affect OC drug pharmacokinetics and disposition. Although the role of estrogen on OC transport have been studied in various in vitro models, a comprehensive study of estrogen on OC transport hitherto has not been conducted. In this study, estrogen-mediated regulation of OC transport in whole animal and its underlying mechanisms were determined in parallel.
Following ovariectomy, a significant decrease in uterine weight was observed and could be restored to control level after 17b-estradiol supplementation. These changes in uterine weight reflect the alterations in plasma estradiol levels. 28) Our in vivo clearance study showed a significant increase in TEA clearance in OVX mice compared with control. This change in TEA clearance could be due to either a change in GFR or change in secretion involving transport function of OCTs or both. However, it seems likely that an increase in TEA excretion in OVX mice is due to an increase in TEA secretion rather than filtration. This was supported by the observation that GFR, as indicated by inulin clearance, was not significantly different among all three groups (control, OVX and OVX plus 17b-estradiol treatment). Furthermore, this contention was confirmed from the calculated absolute secretion and clearance ratio of TEA, in which the effect of GFR in excretion process is eliminated. The clearance ratio and absolute secretion of TEA in OVX group were significantly higher than that of control mice, which were reversed following administration of 17b-estradiol. These results agreed well with previous in vitro studies demonstrating that treatment of male and female rats with 17b-estradiol significantly reduced the TEA accumulation in renal slices. 20) In addition, inhibition by 17b-estradiol on basolateral TEA uptake in OK cells correlates with a reduction in OCT1 expression. 24) An increase in TEA secretion in OVX could be mediated by an increased number of basolateral transporters including OCT1, OCT2, and OCT3, or apical transporters, or both. The non-perfused isolated mRPT provides a useful tool to differentiate between transports of OC at basolateral from that at the apical side. Due to the fact that all the tubular lumens are totally collapsed during the uptake period, thus allow only the transport across the basolateral membrane. 26) This study showed that the uptake of TEA in OVX mice was increased compared with that of control mice, indicating an inhibitory effect of estrogen on TEA uptake across the basolateral membrane of renal proximal tubular cells, which could be restored to normal level by 17b-estradiol administration. Kinetic studies data obtained from non-perfused isolated mRPT revealed that estrogen deprivation stimulated OCT-mediated TEA transport in isolated mRPT by increasing maximum transport (J max ) but did not affect affinity of transporters (K t ). The K t value for TEA uptake obtained from our study was 31.6Ϯ4.4 mM which is comparable with the study of Kakehi et al. 29) that showed the K t value of mOCT2 in oocyte expression system at the value of 35.7Ϯ5.2 mM. Furthermore, the K t of relate apical transporters such as mMATE1 and mMATE2 for TEA were reported to be 890 and 710 mM, respectively. 30, 31) These later K t values are much higher than that of mOCT2. Taken together, the K t value obtained from mRPT in our study should reflect the function of basolateral organic cation transporters (OCT2) but not apical transporters like MATEs which are the major transporters for organic cation efflux at apical membrane. Thus, our results suggested that estrogen has the effect of decreasing the number of transporters expressed at basolateral membrane but does not affect the affinity of transporters for OC.
A possible mechanism is that estrogen decreases the total transporters in the cell by affecting transcriptional or posttranscriptional process. Alternatively, estrogen may affect the trafficking of transporters by increasing internalization or reducing membrane insertion of transporters lead to a lowering of membrane transporters without changing of transporters pool. The levels of mRNA expression of candidate basolateral transporters, including OCT1, OCT2 and OCT3, were measured using qPCR in female mice under various hormonal states. The levels of basolateral OCTs mRNA observed in our study remained unchanged despite differences in estrogen status. Estrogen significantly reduces TEA accumulation in rat renal slices, mediated by reduction of OCT2 mRNA expression. 20) Although species difference may account for this discrepancy, it could be explained by the fact that estrogen may (i) regulate OCT2 activity at the post-transcriptional process, (ii) affect trafficking of OCTs between intracellular compartment and basolateral membrane, (iii) involve other isoforms of OCTs (viz. mOCTL1 32) ) or probably other transporter families. Due to antibodies against mOCTs are not commercial available, we, therefore, could not perform Western blot analysis to examine possible post-translational process.
Expression of mRNA of candidate apical transporters, including OCTN1, OCTN2, MATE1, and MATE2, were also determined using qPCR. Only MATE2 mRNA level was significantly lowered in OVX mice. MATE2 is mostly found in the testis and has been suggested to play a unique role in testis blood barrier. 33) This is the first study of MATE2 regulation by estrogen in the kidney. However, an explanation for its reduction in correlation with increased TEA transport observed in this study remains unknown.
In summary, this study showed that estrogen suppressed renal handling of OC both in vivo and in vitro. This may provide an explanation for the observation that women experience greater toxicity from certain cationic chemotherapeutic drugs than men. 34) This physiological finding should be taken into consideration when assessing the susceptibility of an individual to drug-induced toxicity in order ultimately to achieve the goal of personalized drug therapy.
